One gene locus on chromosome I in Saccharomyces cerevisiae encodes a protein (YAB5_YEAST; accession no. P31378) with local sequence similarity to the DNA repair glycosylase endonuclease III from Escherichia coli. We Common forms of DNA damage, for instance those induced spontaneously by reactive metabolites produced inside the cells, are handled by the base excision repair pathway (1, 2). Different types of oxidized and alkylated base residues are recognized by different DNA glycosylases that release the bases in a free form and leave abasic sites in the DNA. Abasic sites are subsequently removed by the combined action of an apuriniclapyrimidinic (AP)-endonuclease and a 5'-phosphodiesterase or, alternatively, by an AP-lyase and a 3'-phosphodiesterase. Base excision repair is completed by repair synthesis to fill the one nucleotide gap and ligation to restore the continuity of the DNA strand. Other protein factors are probably also involved in the base excision repair pathway in vivo (2).
novel range of substrate recognition. Sequences similar to NTGI from other eukaryotes, including Caenorhabditis elegans, Schizosaccharomyces pombe, and mammals, have recently been entered in the GenBank suggesting the universal presence of NTGI-like genes in higher organisms. S. cerevisiae NTG1 does not have the [4Fe-4S] cluster DNA binding domain characteristic of the other members of this family.
Common forms of DNA damage, for instance those induced spontaneously by reactive metabolites produced inside the cells, are handled by the base excision repair pathway (1, 2) . Different types of oxidized and alkylated base residues are recognized by different DNA glycosylases that release the bases in a free form and leave abasic sites in the DNA. Abasic sites are subsequently removed by the combined action of an apuriniclapyrimidinic (AP)-endonuclease and a 5'-phosphodiesterase or, alternatively, by an AP-lyase and a 3'-phosphodiesterase. Base excision repair is completed by repair synthesis to fill the one nucleotide gap and ligation to restore the continuity of the DNA strand. Other protein factors are probably also involved in the base excision repair pathway in vivo (2) .
The DNA glycosylases are responsible for damage recognition and as such are key enzymes in the repair process. These can be classified into a few different subtypes, mainly based on genetic and biochemical characterization of DNA glycosylases in bacteria (2) . Two of these are primarily involved in the removal of oxidative DNA damage, i.e., endonuclease III (EndoIII) and the formamidopyrimidine/8-oxoguanine DNA glycosylase (Fpg) , which in a broad sense are responsible for the removal of oxidized pyrimidine and purine damage, respectively (3) (4) (5) (6) . Both of these enzymes have intrinsic AP-lyase activity, whereas other enzymes involved in the removal of deaminated and alkylated base residues do not (2) . Both EndollI and Fpg have been extensively characterized from Escherichia coli and other bacteria; however, attempts to define the functional role of analogous enzymes in eukaryotes have been hampered by difficulties in cloning the corresponding genes. Enzyme activities similar to EndoIllI and Fpg have been purified from yeast (7, 8) and mammalian cells (9, 10) ; however, limited amounts of the enzymes in such species have prevented purification to homogeneity and cloning by the approach of protein sequencing.
Since all DNA glycosylases cleave the N-glycosylic bond between the base and the deoxyribose moieties of the nucleotides, one might have expected to find a common sequence domain that would be responsible for the cleavage reaction. However, different DNA glycosylases are largely unrelated in terms of sequence with the exception of EndolIl and MutY, which are of common evolutionary origin (11) . Nevertheless, local sequence alignments have identified a subgroup of DNA glycosylases, including EndollI and MutY, that share a characteristic helix-hairpin-helix domain. This domain appears to be involved in determining the specificity of the enzymes for reacting with different types of DNA damage (2, 12) . The MutY enzyme removes adenosines from A-8-oxoguanine (8-oxoG) mispairs to prevent mutations arising from the misincorporation of an adenosine opposite 8-oxoG in the template (13) whereas EndoIII releases modified or fragmented pyrimidine residues (4). Searches for this motif in the genome databases have shown that a similar domain also is present in other enzymes involved in DNA repair and recombination, and it has been suggested that such a motif may participate in DNA binding. In these searches, we DNA Substrates. DNA containing 3H-labeled formamidopyrimidine residues (faPy) was prepared as described (21) , except that radiolabeled N-methyl-N-nitrosourea (740 GBq/ mmol) was used instead of dimethyl sulfate. The specificity of the substrate was 4.7 kBq/mg of poly(dG-dC). DNA with thymine glycols was made by exposing 100 jig of pUC19 to 0.1% 0s04 for 90 min at 70°C. Covalently closed circular DNA was purified by agarose gel electrophoresis followed by electroelution and dialysis. Duplex DNA substrate with 8-oxoG was prepared by 32P end labeling of 14 pmol of the 15-mer oligonucleotide 5'-ATCACCGGC-[8-oxoG]-CCACA-3' (provided by R. Fuchs, Centre National de la Recherche Scientifique, Strasbourg, France) followed by annealing to a 22-mer complementary oligonucleotide: 5 '-CAGCTCGTGTG-GCGCCGGTGAT-3'. The shorter 8-oxoG-containing strand was extended by synthesis with 1 unit of Taq polymerase. The double-stranded oligonucleotide was purified by 20% PAGE, electroelution, and dialysis. AP-DNA substrate was made in a similar fashion by annealing a 5'-32P-labeled-uracil-containing oligonucleotide, 5'-GCTCATGCGCAGUCAGCCGTACT-CG-3', to a complementary 18-mer. The 18-mer was extended by primer extension and the double-stranded oligonucleotide was purified by gel electrophoresis, electroelution, and dialysis.
To make the AP site, the double-stranded oligonucleotide was finally incubated with 1 unit of uracil DNA glycosylase for 1 h.
Enzymes. Purified E. coli proteins Fpg and Endolll were provided by Serge Boiteux (Centre National de la Recherche Scientifique, Fontenay au Roses, France). Uracil DNA glycosylase was from Boehringer. Endonuclease IV (Nfo) from E. coli was purified using the His6-tag Ni-affinity purification system (Qiagen). The NTG1 gene product was expressed in different E. coli mutants transformed by the pQE-NTG1 construct as indicated by adding 5 mM isopropyl 3-Dthiogalactopyranoside and incubating for 2 h before the cells were lysed by the plasmolysis procedure (22) . Protein concentration was determined by the method of Bradford (23) coli. The TBLAST program (24) was used to search the DNA sequence database for coding sequences matching a consensus of the helix-bend-helix motif as described (2) . An open reading frame on chromosome I was identified that translated into a protein (YAB5 YEAST; accession no. P31378) that contained a domain with a statistical significant match to the search motif. In particular, the sequence identified resembled that of endonuclease III (Nth) and to a smaller extent that of MutY from E. coli (Fig. 1) . The similarity was confined to the predicted helix-hairpin-helix domain and could not be extended much beyond this region. In view of the sequence similarity and the functional characterization described below, we have reassigned this locus NTG1.
Mutant Analysis ofNTGI. To investigate the in vivo function of the NTG1 gene, a mutant strain was constructed by insertional inactivation of NTG1 with URA3. The mutant was found to be sensitive to H202 and slightly sensitive to menadione but normally resistant to y-irradiation, UV (Fig. 2) , and MMS (data not shown). It thus appears that the NTG1 function is involved in the repair of DNA damage induced by oxidative DNA damaging agents. Ionizing irradiation is also known to induce oxidative DNA base damage, but in this case survival most likely is limited by repair of other types of lesions (e.g., double-strand breaks) also known to be induced by the irradiation.
Induction ofNTGI by DNA Damaging Agents. Several DNA repair genes in yeast are known to be DNA damage inducible. The inducibility of NTG1 was investigated by Northern blot analysis as well as by gene promoter fusion to the bacterial lacZ reporter gene (Fig. 3 ). An approximate 2-to 3-fold increase in the amounts of transcripts were found following cell exposure to H202, MMS, and 4-NQO. For comparison, the same filter was also probed for transcripts of the DNA damage inducible MAG gene encoding 3-methyladenine DNA glycosylase (25) .
A 2-to 3-fold increase was also observed in the case of the MAG gene (data not shown). The level of the ,3-actin transcript, however, was unaffected by DNA damage exposure (Fig. 3A) . In other experiments with promoter fusion of NTG1 to the ,B-galactosidase reporter gene, a 9-fold increase of ,3-galactosidase activity was obtained by exposure to menadione and 2-fold increase was obtained by MMS exposure (Fig.   3B ). The NTG1 gene therefore seems to be part of the DNA damage inducible regulon of S. cerevisiae as has been shown previously for other DNA repair genes.
Incision of Osmium Tetroxide-Damaged DNA by NTG1. Excision of Formamidopyrimidines, but not 8-oxoG, by NTG1. In further characterization of the enzymatic function of NTG1, alkylated DNA and formamidopyrimidine-containing DNA were used in glycosylase assays with NTG1-expressing extracts. As expected, no release of methylated bases could be demonstrated (data not shown). However, quite unexpectedly, efficient release of formamidopyrimidines was observed (Fig.  5) . In E. coli, such excision is not catalyzed by EndoIII; however, it is by the Fpg DNA glycosylase (14, 21) . Formamidopyrimidine excision by NTG1 was compared with that obtained with purified Fpg, and the excision product appeared identical as analyzed by reverse-phase HPLC (Fig. SB) . In these experiments the NTG1 enzyme was expressed in fpg (mutM) mutant bacteria and controls with vector plasmid only were completely deficient in removal of formamidopyrimidines. These results confirm that the yeast NTG1 enzyme is a DNA glycosylase. Moreover, the substrate range specificity for this enzyme is clearly different from that of the homologous nth gene function in E. coli.
Since E. coli Fpg excises 8-oxoG as well as faPy, the expressed NTG1 was also tested for cleavage of oligonucleotides containing an 8-oxoG residue in a defined sequence position. In experiments with the end label in the strand containing the 8-oxoG, no strand cleavage activity could be demonstrated, irrespective of the type of base residing opposite 8-oxoG in the complementary strand (Fig. 6 and data not shown). All possible matches were tested. Further experiments with oligonucleotides containing an AP site indicated that NTG1 possesses AP-lyase activity (Fig. 7) . In these experiments, only small amounts of extracts were used to avoid interference from background AP-endonuclease or AP-lyase activities present in the E. coli extract. Under these conditions, only extracts from cells transformed by the NTG1 expression vector produced significant cleavage of the AP-DNA. The cleaved DNA migrated to the same position as that produced by EndoIllI and not further as is the case for the fragment created by S-elimination product of purified Fpg or 5' hydrolysis by purified Endonuclease IV (Nfo) from E. coli (data not shown). It thus appears that yeast NTG1 resembles the E. coli Fpg enzyme only in its affinity for removal of formamidopyrimidines and, however, differs from Fpg in lacking the activity for removal of 8-oxoG. excision repair pathway in eukaryotic cells. Less effort has been made toward the cloning and characterization of the genes involved in base excision repair. In spite of that, these functions are likely to be very important if not essential for protecting against endogenous DNA damage. We have characterized a yeast homologue of EndoIII in bacteria and show that this enzyme is a DNA glycosylase acting at thymine glycol and faPys in DNA. The yeast NTG1 thus appears to partially combine the functional properties of the oxidative DNA damage repair glycosylases EndollI and Fpg in E. coli. However, no activity is observed against 8-oxoG by NTG1, implying that NTG1 does not fully cover the functional role of both of these enzymes. Studies of the ntgl::URA3 mutant show that NTG1 is of importance for survival of yeast toward oxidative DNA damaging agents such as H202 and menadione. To our knowledge, this appears to be the first experimental evidence for base excision being important for the protection against the cytotoxic effects of such compounds in vivo. Neither the nth nor the frg mutant of E. coli show reduced survival after exposure to oxidative DNA damaging agents. However, this has been ascribed to the presence of alternative repair pathways in E. coli. For instance, a second minor DNA glyocosylase activity similar to EndollI has been detected in this organism (26) . Such activity may be responsible for the low background of OS04 DNA nicking observed in our extract studies (Fig. 4B,  lanes 2-4) . Further characterization of the in vivo role ofNTG1 should involve the construction of double mutant strains also carrying defects in RAD genes of the epistasis groups 3 (nucleotide excision repair) and 6 (postreplication repair) to evaluate the relative significance of different repair pathways in the recovery from oxidative DNA damage.
DNA glycosylases for removal of thymine glycols, redoxyendonuclease (7), and faPy DNA glycosylase (8) have previously been purified from S. cerevisiae. Mostly based on the presumed analogy with the E. coli system, these have been considered to be separate enzymes. However, their chromatographic behavior is similar as are their molecular masses (40-45 kDa) as determined by gel filtration. The molecular mass of NTG1 is 45 kDa and, therefore, clearly within the range of the other enzyme activities. In view of the enzymatic properties of NTG1, it seems possible that all three enzymes could be identical. Further biochemical characterization of NTG1 will help to elucidate this question. It was originally suggested that the yeast faPy DNA glycosylase described also could remove 8-oxoG. However, this activity was quite low and it was unclear whether this activity was due to a contaminating enzyme in the purified faPy enzyme preparation (8) .
Transcription of NTG1 (termed FUN33) has been demonstrated by Barton et al. (27) who made a survey of all the genes present in this region on chromosome I in S. cerevisiae. The transcript of NTG1 was estimated to about 1.3 kb and the level of the transcript was found to be fairly low. They also found that viability was not affected by deleting this region from the genome, proving that NTG1 is a nonessential gene. Our nthl mutant grows normally and does not show any obvious phenotype apart from the sensitivity to oxidative DNA damaging agents. We also find that NTG1 is expressed at a low level that, however, is increased by exposure to DNA damaging agents. The inducibility appears particularly pronounced after menadione exposure, which could imply that there is some specificity for the DNA damage inducibility of NTG1.
The presence of an EndoIllI-like function in yeast raises the question as to whether similar functions also exist in other eukaryotic cells. Searches made with NTGI toward the complete genome database now reveal that several entries have been made in the last few months of expressed sequence tags and genomic DNA translating into protein sequences clearly homologous to NTG1 (Fig. 8) 
